Cationic liposomes have been used for targeted drug delivery to tumor blood vessels, via mechanisms that are not fully elucidated. Doxorubicin (Dox)-loaded liposomes were prepared that incorporate a cationic lipid; 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), along with a small amount of porphyrinphospholipid (PoP). Near-infrared (NIR) light caused release of entrapped Dox via PoP-mediated DOTAP photo-oxidation. The formulation was optimized to enable extremely rapid NIR lighttriggered Dox release (i.e., in 15 seconds), while retaining reasonable serum stability. In vitro, cationic PoP liposomes readily bound to both MIA PaCa-2 human pancreatic cancer cells and human vascular endothelial cells. When administered intravenously, cationic PoP liposomes were cleared from circulation within minutes, with most accumulation in the liver and spleen.
Introduction
Tumor angiogenesis is requisite for tumor growth and metastasis (1) (2) (3) (4) . Therefore, one interesting anticancer strategy involves molecular targeting of therapeutics to tumor vasculature (5) . This delivery approach has the advantage that tumor endothelial cells are freely accessible from blood, as opposed to the cancer and stromal cells inside tumors. Furthermore, high interstitial tumor fluid pressure creates less than ideal conditions to deliver therapeutics, which must extravasate from blood vessels (6) . Endogenous tumor endothelial proteins have been identified for neovascular targeting including integrins (7), VEGFR (8) , and CD105 (9) . The RGD tripeptide, which binds to the a v b 3 integrin, was one of the earliest neovasculature targeting ligands used for drug delivery (doxorubicin), initially with drug-peptide conjugates (10) and targeted nanoparticles (11) . Subsequently, targeted nanomaterials that can deliver cargo payloads to tumor vasculature have been extensively explored (12) .
Numerous independent studies have demonstrated that cationic liposomes target tumor endothelial cells (13) (14) (15) (16) (17) (18) (19) . The mechanism is not clear, but is likely due to differential neovascular expression of surface receptors and negatively charged macromolecules such as glycoproteins, anionic phospholipids, and proteoglycans (19, 20) . Cationic liposomes that incorporate paclitaxel (EndoTag) are undergoing clinical trials in pancreatic cancer (21) .
Photodynamic therapy (PDT) is an ablative technique that has been used for various indications, including to treat solid tumors (22, 23) . Activatable and targeted PDT have been explored in numerous approaches (24) (25) (26) . In the context of PDT, the term "vascular targeting" usually refers to application of the phototreatment while administered photosensitizers have high blood concentration, resulting in vascular damage (27, 28) . However, there have also been numerous preclinical research studies involving actual molecular targeting of nanoparticulate photosensitizers to tumor endothelium for PDT (12, (29) (30) (31) .
Our group recently developed porphyrin-phospholipid (PoP) liposomes that can be permeabilized by near-infrared (NIR) light and release encapsulated contents (32) . Various anticancer agents such as doxorubicin (33, 34) , irinotecan (35) , and mitoxantrone (36) have been encapsulated into PoP liposomes for antitumor phototreatments in human pancreatic cancer xenografts in mice. Chemophototherapy (CPT), the combination of chemotherapy and phototherapy, is emerging as a potent ablation modality for solid tumors (37) (38) (39) (40) (41) . PoP liposomes are well-suited for CPT because they represent a single agent and are capable of robust light-induced drug release. Besides enabling the light triggering release functionality of the liposomes, PoP also serves as a PDT agent itself. 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) is a positively charged lipid used in many cationic liposome formulations (including clinical ones). In this work, DOTAP is incorporated into PoP liposomes for vessel-targeted CPT.
Materials and Methods

Liposome preparation
The following lipids were obtained from Corden Pharma: 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; # LP-R4-076), cholesterol (# CH-0355), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; # LP-R4-070), and DOTAP (# LP-R4-117). The PoP used was sn-1-palmitoyl, sn-2-pyropheophorbide phosphtatidylcholine and was synthesized as previously reported (32) . Various formulations were prepared by hot ethanol injection followed by pressurized extrusion as previously described (34, 42) . The finalized cationic PoP liposome formulation was [DSPC:DOTAP: Cholesterol:PoP], [38:20:40:2] (mol%) at a drug to lipid molar ratio of 1:8. For other formulations, DOTAP was substituted for DSPC as indicated. To generate 5 mL PoP liposomes (20 mg/mL total lipids) of the indicated formulations, lipids were first fully dissolved in 1 mL of hot ethanol, followed by direct injection into 4 mL 250 mmol/L ammonium sulfate (pH 5.5) buffer at 60 C. The liposome solution was mixed and then passed 10 times at 60 C through sequentially stacked polycarbonate membranes of 0.2-, 0.1-, and 0.08-mm pore size using a 10 mL LIPEX nitrogen pressurized extruder (Northern Lipids). Free ammonium sulfate was removed by dialysis with buffer containing 10% sucrose and 10 mmol/L HEPES, pH ¼ 7.8.
Dox loading and liposome characterization
Doxorubicin (LC Labs #D-4000) was actively encapsulated into the liposomes via ammonium sulfate gradient (43) . A 20 mg/mL Dox solution was added to the liposomes at a drug to lipid molar ratio of 1:8 and incubated at 60 C for 1 hour. Liposome sizes and polydispersity were determined by dynamic light scattering via a NanoBrook 90 Plus PALS instrument in phosphate buffered saline (PBS). Zeta potential was measured by ZetaSizer in 10 mmol/L NaCI. Dox-loading efficacy was determined by a spin column filtration method. Liposomes were diluted in 25 mmol/L NaCl, and placed in a 100 kDa cutoff spin column (Pall, # OD100C34) and centrifuged at 2000 Â g for 10 minutes. Unloaded Dox passed through the filter and was determined by UV spectroscopy. The loading efficacy was determined by a standard curve. Serum stability was assessed by incubating PoP liposomes (20 mg/mL lipids) diluted 200 times in 50% sterile bovine serum (Pel-Freeze # 37225) at 37 C for 1 hour. Triton X-100 (0.25%) was added, and Dox fluorescence was read. Dox release was calculated according to the formula: % Dox release ¼ (F Final À F initial )/(F TX-100 À F initial ) Â 100%, where F TX-100 is the fluorescence value when the liposomes are lysed with 0.25% Triton X-100 (Sigma, # X100-500ML).
Light-triggered drug release
Light-triggered release was performed with a power-tunable 665-nm laser diode (RPMC Lasers, LDX-3115-665) at the indicated fluence rates. Dox fluorescence was recorded in real time during irradiation in a fluorometer (PTI). Before laser irradiation at 250 mW/cm 2 , 20 mg/mL PoP liposomes were diluted 400 times in 50% bovine serum and placed in a cuvette at 37 C. Temperature was measured by inserting a thermocouple probe (Atkins, # 39658-K) directly into the irradiated solution. Triton X-100 (0.25%) was added after laser irradiation to read the final fluorescence. Dox release was assessed by calculating Dox fluorescence before and after laser with the same formula above. Inhibition of Dox release by sodium sulfite or sodium ascorbate was performed in a cuvette with cationic 20 mg/mL PoP liposomes diluted 400 times in PBS containing 25 mmol/L sodium sulfite (J.T. Baker # 3922-01) or sodium ascorbate (VWR # 97061-072). Singlet oxygen sensor green (SOSG; Life Technologies # S-36002) was used for the detection of singlet oxygen generated by PoP during irradiation. SOSG fluorescence (exc./em. 504 nm/525 nm) was recorded during irradiation in a fluorometer. Light irradiation was performed in PBS containing SOSG.
Liquid chromatography-mass spectrometry (LC-MS) Dox-loaded cationic PoP liposomes (20 mg/mL lipids) were diluted 100 times in PBS and irradiated (250 mW/cm 2 ) for 2 minutes. For oxidation inhibition study, samples were irradiated in PBS containing 25 mmol/L sodium sulfite. One mL of each liposome sample was then extracted with methanol:chloroform 1:2 (v/v) solution as previously described (42). The extracted lipids were then dried under vacuum and stored at À80 C before analysis. LC-MS data acquisition was performed using LC-ESI-QTOF (Agilent 1260 HPLC coupled to Agilent 6530 AccurateMass Quadrupole Time-of-Flight) in positive electrospray ionization mode. Chromatographic separation was achieved using a Luna C5 reversed phase column (5 mm, 4.6 mm Â 50 mm, Phenomenex) with a C5 reversed-phase guard cartridge. Mobile phases A and B were 95:5 water:methanol (v/v) and 60:35:5 isopropanol:methanol:water, respectively. Each mobile phase was supplemented with 0.1% (v/v) formic acid and 5 mmol/L ammonium formate. The gradient started after 3 minutes at 0% B and then increased to 100% B over 10 minutes followed by 100% B for 7 minutes before equilibration for 8 minutes at 0% B. The flow rate was 0.5 mL/min. A JSI fitted electrospray ionization source was used. Capillary and fragmentor voltages were set to 3,500 and 175 V. Drying gas temperature was 350 C with a flow rate of 12 L/min. Data were collected using an m/z range of 50 to 1,700 in extended dynamic range.
For targeted analysis, the corresponding m/z for each ion was extracted in MassHunter Qualitative Analysis (version B.06.00, Agilent Technologies). Peak areas for each ion in extracted ion chromatogram were manually integrated and were presented as ion counts. Different collision energies were used to get optimal ionization. Fragmentation patterns were observed at 15, 35, and 55 V. In order to identify emerging species after irradiation, raw data obtained were imported into MassHunter Profinder (version B.06.00, Agilent Technologies) for peak alignment. Statistical analysis and filtering of the newly identified species were carried out in Mass Profinder Professional (version 12.6.1, Agilent Technologies).
In vitro studies
MIA PaCa-2 cells (ATCC # CRL-1420) or HUVECs (Promocell) were obtained originally in 2014, and frozen stocks were used without additional authentication. For confocal microscopy, 10,000 MIA PaCa-2 or HUVECs were seeded in eight-well confocal chamber slides (VWR # 43300-774) in DMEM media with 10% serum or endothelial cell growth medium (Cell Applications # 211-500). Twenty-four hours later, cells were incubated with 10 mg/mL Dox-loaded cationic PoP liposomes containing 5% or 20% DOTAP for 20 minutes. Media were replaced, and cells were washed before confocal imaging using a Zeiss LSM 710 confocal microscope at 20Â objective. For quantification of cellular uptake of Dox and PoP, 10,000 MIA Paca-2 cells and HUVECs were seeded in 96-well plate in DMEM media with 10% serum or endothelial cell growth medium, respectively. Twenty-four hours later, cells were incubated with 10 mg/mL Dox loaded in indicated PoP liposomes for 20 minutes. Cells were washed with PBS and lysed with 0.25% Triton X-100. Dox and PoP fluorescence signals were measured directly in a TECAN fluorescence plate reader. The percentage of cellular uptake of Dox and PoP was calculated by the fluorescence signal in the cells divided by the total amount of Dox or PoP added in the medium.
For fluorescence microscopy of tumor slices, tumor-bearing female nude mice were administered with 10 mg/kg Dox-loaded cationic PoP liposomes. Twenty-four hours later, 20 mg/kg Hoechst 33342 was injected 1 minute before sacrificing the mice to visualize the functional tumor vasculature. Tumors were removed and fixed in 10% formalin overnight followed by immersion in a 30% sucrose solution. Tissues were then embedded in OCT compound (VWR # 25608-930) in embedding molds, snap frozen in liquid nitrogen and stored at À80 C prior to use. Tumors were sectioned in a cryostat at À20 C at 10 mm thickness. Tumor slices were imaged with a Zeiss LSM 710 confocal microscope at 20 Â objective.
Pharmacokinetics and biodistribution
Animal studies were carried out in accord with the University at Buffalo IACUC protocols. Female CD-1 mice (18-20 g, Charles River Laboratories) were intravenously injected via tail vein with Dox-loaded DOTAP/PoP liposomes or neutral DOPC liposomes at 10 mg/kg. Small blood volumes were sampled at 15 minutes, 1, 3, 6, 10, and 24 hours post injection for the DOPC liposome group and 15 minutes, 1 and 3 hours for the DOTAP/ PoP liposome group. Blood was collected in a serum collection capillary tube (Microvette CB 300Z), and serum was obtained following centrifuged at 1,500 Â g for 15 minutes. Serum was diluted in extraction buffer (0.075 N HCL, 90% isopropanol). Samples were then incubated at À20 C overnight and then centrifuged for 15 minutes at 10,000 Â g. Supernatants were collected and analyzed by fluorescence in a 96-well plate reader, and Dox and PoP concentrations were determined by a standard curve. Noncompartmental pharmacokinetics parameters were analyzed by PKsolver.
For biodistribution studies, female nude mice (Jackson Labs, #007850) were inoculated with 5 Â 10 6 MIA PaCa-2 cells. When tumor sizes reached 8 to 10 mm, mice were intravenously injected with 10 mg/kg Dox-loaded DOTAP/PoP liposomes and sacrificed 24 hours post injection. Tumors and key organs were collected and washed in PBS. Tissues ($100 mg) were weighed and homogenized in 450 mL nuclear lysis buffer [250 mmol/L sucrose, 5 mmol/L Tris-HCl, 1 mmol/L MgSO 4 , 1 mmol/L CaCl 2 (pH 7.6)] with a Bullet Blender Storm homogenizer. Homogenates (100 mL) were extracted with 900 mL 0.075 N HCI 90% isopropanol by mixing the samples and storage at À20 C overnight. Samples was removed and centrifuged at 10,000 Â g for 15 minutes. The supernatant was collected, and the concentrations of Dox and PoP were determined fluorometrically.
Tumor growth inhibition
Five-week-old female nude mice (Jackson Labs, #007805) were inoculated with 5 Â 
, where L and W are the length and width of the tumor, respectively. Body weights of the mice were monitored for 4 weeks. Mice were sacrificed when tumor volumes exceeded 10 times the initial volumes or at the end of the study period (30 days).
For the second tumor growth inhibition study, mice were grouped as follows: (i) DOTAP/PoP liposomes þ laser; (ii) Empty DOTAP/PoP liposomes þ laser; (iii) DOTAP/PoP liposomes À laser; (iv) Saline. Dox-loaded DOTAP/PoP liposomes (7 mg/kg; 1.96 mg/kg PoP) or empty DOTAP/PoP liposomes (1.96 mg/kg PoP) were intravenously administrated. Mice were treated with 100 mW/cm 2 for 3 minutes 20 seconds (20 J/cm 2 ). Blood flow during this treatment was monitored using laser Doppler (moorLDI2-IR) in single spot mode. Before laser treatment, blood flow rate was stabilized for 10 minutes. After laser treatment was ended, tumor blood flow was monitored for another 100 seconds. During this period, mice were anesthetized and placed on a heating pad to maintain body temperature around 35 C. Tumor sizes were recorded 2 to 3 times per week by measuring tumor dimensions. Tumor volumes and body weight were measured according to the method above. Mice were sacrificed when tumor volumes exceeded 10 times of the initial volume or at the end of the study period (45 days).
Results
DOTAP accelerates light-triggered Dox release from PoP liposomes
DOTAP was titrated (in place of DSPC) into Dox-loaded liposomes comprising 0.5 mol% PoP, 40 mol% Cholesterol, and 59.5% mol DSPC. Increasing amount of DOTAP dramatically accelerated NIR light-triggered Dox release (Fig. 1A) . Liposomes containing 10 and 20 mol% DOTAP were indistinguishable in terms of extremely rapid release, with 90% Dox release within 20 seconds. The time to reach 50% Dox release with varying DOTAP concentrations is shown in Fig. 1B . We recently demonstrated that unsaturated lipids such as DOPC can significantly enhance the light triggered release rate due to PoP-dependent unsaturated lipid photo-oxidation (42) . Because DOTAP is also an unsaturated lipid and structurally similar to DOPC, we hypothesized that the mechanism of enhanced light-triggered release was related to oxidation of DOTAP. To assess whether DOTAP is oxidized following laser irradiation, LC-MS was used to quantify the presence of DOTAP before and after laser treatment. As shown in Fig. 1C , 97.5% of DOTAP was depleted after 665 nm laser treatment for 2 minutes at 250 mW/cm 2 . New species were identified, including a species with m/z 726.5884 (Fig. 1D ) and 694.5958, which are molecular weights that match oxidized DOTAP. The exact structures of the oxidized DOTAP were not determined; however, it is likely that both side chains of DOTAP were oxidized, forming a mixture of 9-and 10-hydroperoxides, as the species m/z 726.5884 matches the theoretical m/z (726.5878) of the product of this reaction. Illustrative peroxidized DOTAP structures with the correctly matching molecular weights are shown in Supplementary Fig. S1 . When 25 mmol/L sodium sulfite was added to the liposome solution, it was found that the lightinduced release of Dox was significantly inhibited (Supplementary Fig. S2A ). When the antioxidant sodium ascorbate was added to the liposome solution, the release of Dox slowed but not as efficiently as sodium sulfite. With the presence of sodium sulfite, 84% of the DOTAP was protected from photo-oxidization (Supplementary Fig. S2B ), further suggesting that PoP-dependent DOTAP photo-oxidization is responsible for membrane destabilization and drug release.
Characterization of cationic PoP liposomes
We previously demonstrated that the amount of PoP in the formulation will also affect the light-triggered cargo release rate (34, 42) . By using SOSG, the amount of singlet oxygen generated was determined with liposomes containing various amounts of PoP. Figure 2A demonstrates that 2 mol% PoP generated the highest amount of singlet oxygen, as beyond that, self-quenching phenomenon likely started to occur. Thus, 2 mol% PoP was selected as the amount of PoP in the formulation. However, with 2 mol% PoP in the liposome, the Dox encapsulation efficacy was not ideal (below 90%) in formulations incorporating less than 5 mol% DOTAP (Fig. 2B) . With PoP at 0.5 mol. %, DOTAP was not required to maintain robust loading efficacy. The zeta potential of PoP liposomes with 5, 10, 20, and 30 mol% DOTAP was determined to be 27.1, 33.9, 47.9, and 47.3 mV, respectively (Fig. 2C) . The surface charge increased with increasing amount of DOTAP and appears to reach a maximal value at 20 mol% DOTAP. Liposomes lacking DOTAP (containing 5 mol% DOPC) were nearly neutral at À0.9 mV. The NIR light-induced release rate of these formulations was all relatively rapid, with formulations containing 20-30 mol% DOTAP completing 90% Dox release in $15 seconds (Fig. 2D ). PoP liposomes with 5-20 mol% DOTAP were stable in 50% serum, with less than 10% leakage in 1 hours. This timeframe was selected because the liposomes are short circulating and phototreated soon after injection. However, at 30 mol% DOTAP, Dox leakage increased to 30%. Thus, 20 mol.% DOTAP was selected for further study (Fig. 2E) . Table 1 lists other parameters of the liposomes. The size of these formulations was close to 100 nm and the Dox loading efficiencies were all above 95%.
The light-triggered Dox release of the selected formulation with 2 mol.% PoP and 20 mol.% DOTAP at different fluence rates was studied (Fig. 2F) . Increased fluence resulted increased Dox release rates. At a fluence rate of 100 mW/cm 2 , over 90% Dox release occurred in 30 seconds while at 25 mW/cm 2 , 80 seconds was required. The relationship between the time required to reach 90% Dox release and fluence rate fit well with a power function (Fig. 2G) . Low amounts of NIR energy were required to reach 90% Dox release with this formulation, with 3.4 J/cm 2 at 250 mW/cm 2 and 2.6 J/cm 2 at 100 mW/cm 2 ( Supplementary Fig. S3 ). When calculating the energy required for 90% Dox release at different fluence rate, a linear relationship was observed, indicating that less energy is required when lower fluence rates are applied. We previously have observed that the amount of energy to release the drug depends on the fluence rate applied (42) .
Cationic PoP liposomes bind to cancer cells and vascular endothelial cells in vitro
Dox-loaded cationic PoP liposomes were briefly incubated with the human MIA PaCa-2 pancreatic cell line for 20 minutes and removed prior to live cell imaging with confocal fluorescence microscopy. Both Dox and PoP could independently be observed as they are both fluorescent molecules and spectrally separated. Hoechst 33342 was used to stain the nucleus. As shown in Fig. 3A , PoP liposomes with 20% DOTAP bound substantially more avidly to cells than liposomes containing 5% DOTAP. Notably, Data show mean AE standard deviation for 3 separate measurements. Light triggered release were performed at 250 mW/cm 2 in 50% bovine serum at 37 C. Serum stability were performed in 50% bovine serum at 37 C. Mean AE SD for n ¼ 3. Dox was visualized mostly in the nucleus, demonstrating its bioavailability upon uptake. PoP exhibited a different localization pattern, with some punctate expression inside the cell, and much of the signal localized to the cell membrane. To better quantify uptake, cells were lysed following incubation and uptaken Dox and PoP was quantified relative to the total amount in the incubation (Fig. 3B) . Increasing cationic character resulted in greater uptake of the liposomes with respect to both Dox and PoP. PoP apparently had higher uptake than Dox, for reasons that are not clear, but perhaps the detergent lysis extraction method was not effective at removing Dox from lysed nuclei. PoP liposomes containing 20% DOTAP had a 6.5-fold more Dox uptake and 7.9-fold more PoP uptake compared with neutral liposomes (which contained 5 mol.% DOPC). As shown in Fig. 3C , a similar trend was observed with human vascular endothelial cells (HUVEC). Compared with neutral liposomes, liposomes containing 20% DOTAP delivered 10.5-fold more Dox signal and 11.6-fold more PoP. DOTAP liposomes (20 mol. %) exhibited markedly higher uptake relative to 5 mol% DOTAP liposomes, even though both had positive zeta potentials (Table 1) . Perhaps in biological conditions, higher DOTAP concentrations are required to maintain cationic character. Thus, strongly cationic PoP liposomes bind both human endothelial and pancreatic cancer cells with high avidity, likely based on charge interaction.
Accumulation of cationic PoP liposomes in tumor vasculature
The in vivo behavior of Dox-loaded cationic PoP liposomes (2 mol.% PoP, 20 mol.% DOTAP) was examined. Fifteen minutes following intravenous administration of 10 mg/kg Dox in cationic PoP liposomes, the amount of Dox in circulation was less than 1 mg/mL. In contrast, 168 mg/mL Dox was in blood circulation with neutral but otherwise similar PoP liposomes (2 mol% PoP, 5 mol% DOPC; Fig. 4A ). Both liposomes were stable in serum in this time period (Table 1 ; Fig. 2E ), so the difference was not due to liposome instability. Similar to Dox, cationic PoP liposomes themselves were rapidly cleared from circulation, with negligible PoP signal identified 15 minutes post administration (Fig. 4B ). This striking difference is consistent with literature results demonstrating that cationic liposomes are cleared very rapidly from the blood stream, with less than a 5-minute halflife (44) . Pharmacokinetic behavior of the cationic liposomes could not be analyzed due to this rapid clearance, but Table S1 shows the pharmacokinetics parameters of the neutral Dox PoP liposomes by noncompartmental analysis. The biodistribution of the cationic PoP liposomes following intravenous injection was next examined in tumor-bearing mice. The majority of DOTAP/PoP liposomes accumulated in the liver and spleen ( Fig. 4C; Supplementary Fig. S4 ). The rapid clearance of cationic liposomes results predominantly from rapid uptake by macrophages of the reticular endothelial system in the liver and spleen (44) . However, some Dox (3 mg/kg) was detected in the tumor. A similar distribution pattern was found with PoP itself (Fig. 4D) . To further study the spatial distribution of cationic PoP liposomes in tumor, fluorescence microscopy of tumor slices was performed. Hoechst 33342 (20 mg/kg) was intravenously injected immediately prior to mouse sacrifice in order to locate functional tumor vessels, as has previously been reported (45) . As shown in Fig. 4E , the PoP and Dox signals overlapped with intact vessels and were restricted to nearby the endothelial cells, but not in the tumor space. This is in accordance with literature suggesting that cationic liposomes preferentially bind to the tumor vasculature with minimal extravasation into the tumor interstitium (44, 46) . An example of a smaller region of the tumor slice shown in Supplementary Fig. S5 also demonstrated that Dox and PoP were colocalized with Hoechst near the tumor vessels. 
Vascular targeted PDT effect by cationic PoP liposomes
The antitumor efficacy of Dox-loaded, cationic PoP liposomes was evaluated in mice bearing subcutaneous MIA PaCa-2 xenografts. Fifteen minutes following administration, mice were treated with a 665-nm laser diode at 200 mW/cm 2 for 8.3 minutes (100 J/cm 2 ). As shown in Fig. 5A , 5 mg/kg Dox-loaded DOTAP/ PoP liposomes alone were ineffective in preventing tumor growth. Dox-loaded DOPC liposomes (5 mg/kg) with laser treatment also did not significantly inhibit the tumor growth (P ¼ 0.095, DOPC liposomes þ laser compared with saline). However, Dox-loaded DOTAP/PoP liposomes with laser treatment significantly inhibited tumor growth (P ¼ 0.016, DOTAP/PoP liposomes þ laser compared with saline), resulting in a 91% tumor reduction and 25% cure rate. Dox-loaded DOTAP/PoP liposomes with phototreatment were significantly more effective than Dox-loaded DOPC/PoP liposomes with phototreatment (P ¼ 0.016), suggesting that cationic PoP liposomes have stronger vascular PDT effect (Fig. 5B) . This enhanced PDT effect is likely due to the accumulation of DOTAP/PoP liposomes within the vessels. Unexpectedly, unloaded DOTAP/PoP liposomes with laser treatment demonstrated similar efficacy as loaded DOTAP/PoP liposomes with the same laser treatment (P ¼ 0.29). The laser-treated site of the mice swelled 1 to 3 hours post laser treatment and an eschar formed 2 to 3 days after laser treatment. Supplementary Fig. S6 shows that scars form on the tumors of the mice treated with DOTAP/PoP liposomes and empty DOTAP/PoP liposomes, but not the DOPC/PoP liposomes þ laser group. Mice treated with Dox-loaded DOTAP/PoP liposomesþlaser or empty DOTAP/PoP liposomesþlaser at this dose exhibited minor signs of toxicity during the first 3 days after treatment with a $6% body weight loss in both groups (Supplementary Fig. S7 ).
Synergistic chemo-and phototherapeutic effects
Chemophototherapy combines both chemo-and phototherapeutic modalities. Interestingly, in the conditions initially examined in Fig. 5 , the chemotherapeutic component did not contribute and PDT alone exerted dominant effects for tumor shrinkage (based on efficacy of unloaded cationic liposomes). We next attempted to modulate conditions so that synergistic effects could be observed. Given the strong PDT effect at the previous laser treatment condition (200 mW/cm 2 for 8.3 minutes, 100 J/cm 2 ), the laser dose was reduced to 100 mW/cm 2 for 3.3 minutes (20 J/cm 2 ), or just 20% of the previous total laser dose. Because ablation efficacy depends on both the light dose and the drug dose, it may be possible that the physiological relevance of using lower light doses would be expected to occur at locations deep in the irradiated tumor. In other words, there would be partial volumes deep in a treated tumor that receive this light dose. As shown in Fig. 6A that vascular targeted chemo-and photo therapeutic effects were synergistic in delaying tumor growth. The mice tolerated this treatment well and no weight loss occurred (Fig. 6D) .
Tumor blood flow during laser treatment Laser Doppler imaging was used to monitor the tumoral blood flow during the treatment course. Following administration of 7 mg/kg Dox in the conditions that chemophototherapy was synergistic, the blood flow in the tumor was stabilized before laser treatment. As shown in Fig. 7 , after the laser was applied, the blood flow in the tumor immediately dropped to $30% of the original blood flow. However, the blood flow recovered gradually after the laser was off. The temporal vascular effects were likely the characteristic of vasoconstriction, rather than thrombus formation (47).
Discussion
Cationic liposomes were first introduced in gene delivery as an alternative to viral vectors, with many cationic liposomes tested in clinical trials for gene therapy (48) . However, the clinical outcomes of cationic liposomes for gene delivery is far from satisfactory due to the low transfection efficiency in vivo (48, 49) . Dosedependent toxicity could also be an obstacle of the application of cationic liposomes (50) . More recently, the preferential accumulation of cationic liposomes in tumor endothelial cells has been observed (13, 15, 51) . EndoTAG-1 is a cationic DOTAP preparation of paclitaxel that has completed phase II clinical trials in HER2-negative breast cancer (NCT00448305 and NCT01537536), pancreatic cancer (NCT00377936), and liver cancer (NCT00542048). Enhancement of therapeutic efficacy has been observed compared with conventional chemotherapy in lung and pancreatic cancers (52) . EndoTAG-2, a cationic liposomal formulation of camptothecin, has also shown improved antitumor efficacy by tumor vascular targeting (46) . Thus, DOTAP formulations do have potential for clinical translation.
We previously found that unsaturated lipids (e.g., DOPC) accelerate NIR light-triggered release of Dox from PoP liposomes (42) . When DOTAP, an unsaturated cationic lipid, was incorporated into PoP liposomes, the release rate of encapsulated Dox was extremely rapid, with complete light-triggered Dox release occurring in just 15 seconds. The mechanism of accelerated light activated drug release is likely due to oxidation of the unsaturated lipid DOTAP via reactive oxygen species generated upon light irradiation. Interestingly, DOTAP had an effect of improving Dox loading into PoP liposomes, especially when PoP amounts were over 0.5 mol. %. However, high amount of DOTAP (over 30 mol. %) resulted in Dox leakage during serum incubation.
Cationic PoP liposomes bound to cancer cells such as MIA PaCa-2 and vascular endothelial cells HUVECs in vitro. A 8-to 12-fold increase of liposomes accumulation was seen with DOTAP/PoP liposomes compared with DOPC/PoP liposomes. This is in accordance with results from Thurston and colleagues that showed that angiogenic endothelial cells have an average of 15-to 33-fold more uptake of cationic liposomes (DOTAP/ cholesterol) than corresponding normal endothelial cells (15) .
Cationic PoP liposomes were rapidly cleared from blood circulation, and some cationic PoP liposomes were detected in the tumor vasculature (Fig. 4D) . This is likely due to rapid uptake by the macrophages in liver and spleen (44, 53) . Using the cationic liposomal vesicles, Dolmans and colleagues demonstrated that the vascular accumulation of photosensitizers determines the tumor response (47) . Although the overall amount of PoP in the tumor was low, the majority of PoP was presumably attached to the endothelial cells. As a result, NIR irradiation induced a remarkably potent vascular PDT effect. With a relatively short light treatment of 8.3 minutes (200 mW/cm 2 and 100 J/cm 2 ), Doxloaded DOTAP PoP liposomes were significantly more effective than neutral ones due to the much stronger PDT effect in the DOTAP/PoP liposomes group. However, empty liposomes had an equally potent effect, demonstrating that the observed antitumor effects were dominated by PDT.
To find synergy, the light dose reduced to just 20% of the previous light dose (from 100 to 20 J/cm 2 ) and the drug dose was increased from 5 mg/kg to 7 mg/kg. In this case, vascular PDT alone had some efficacy in inhibiting the tumor growth, whereas Dox-loaded PoP liposomes alone without laser treatment were ineffective. However, drug-loaded DOTAP/PoP liposomes with laser treatment were significantly more effective than either chemo-or phototherapy alone, indicating a synergistic effect of PDT and chemotherapy of this single-agent treatment approach. The significance of using an extremely low light dose can be justified because in a clinical scenario of treating a large tumor, as light is rapidly attenuated in tissue, deeper tissues will receive less light.
In conclusion, we developed cationic PoP liposomes that rapidly release an encapsulated anticancer drug upon NIR irradiation and that bind to both tumor and vascular endothelial cells in vitro. Following intravenous administration, Dox-loaded cationic PoP liposomes accumulated in tumor vessels, leading to potent vascular PDT effects upon irradiation at low laser power and, depending on the treatment conditions, synergistic chemophototherapy effects for tumor growth inhibition.
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